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Abstract— This paper presents a FPGA based approach for a 
modular architecture of Fuzzy Neural Networks (FNN) to embed 
with easily different topologies set up. The project is based on a 
Takagi – Hayashi (T-H) method for the construction and tuning 
of fuzzy rules, this is commonly referred as neural network 
driven fuzzy reasoning. The proposed architecture approach 
consists of two main configurable modules: a Multilayer 
Perceptron – MLP with sigmoidal activation function that 
composes the first module to determine a Fuzzy membership 
function; the second employs an MLP with pure linear activation 
function to define the consequents. The DSPBuilder® software 
along the Simulink® is used to connect, set and synthesize the 
Fuzzy Neural Network desired. Other hardware components 
employed in the architecture proposed cooperate to the system 
modularity. The system was tested and validated through a 
control problem and an interpolation problem. Several papers 
proposed different hardware architecture to implement hybrid 
systems by using Fuzzy logic and Neural Network. However, 
there is no approach with this specific neural network driven 
fuzzy reasoning by T-H method and the aim to be embedded. The 
Self-Organizing Map (SOM) and Levenberg-Marquardt 
backpropagation were used to train the FNN proposed off-line. 

Keywords- Fuzzy Neural Network, Takagi Hayashi method,  
neural network driven fuzzy reasoning, hybrid systems, 
DSPBuilder®, Modular Architecture, FPGA. 

I.  INTRODUCTION 
Artificial intelligence (AI) methods are generally used to 

solve complex problems in engineering. Sometimes these 
methods are incapable to solve some problems individually, 
thus the methods can be combined to create hybrid systems and 
solve more complex problems.  

Hybrid intelligent system generally involves two, three or 
more of these individual AI technologies that are either used in 
series or in an integrated way to produce advantageous results 
through synergistic interaction [7]. 

Fuzzy systems that have several inputs suffer from the 
curse of dimensionality. The Takagi – Hayashi (T-H) method is 
an automatic procedure to extract rules and can greatly reduce 
the number of rules in a high dimensional problem, making the 
problem tractable, thus [7].   

Many papers proposed different solution for extracting 
rules and consequent parameters using neural network training 
methods, some papers described in literature are: 1) a 
probabilistic neural-fuzzy learning system for stochastic 
modeling [3] 2) fuzzy system adaptation using gradient-descent 
error minimization [16]; 3) fuzzy hierarchy error approach [2] 
4) a self-organizing TS-type fuzzy network with support vector 
learning [4] 5) evolutionary learning of BMF fuzzy-neural 
networks using a reduced-form genetic algorithm [6] 6) 
optimization of a parameterized fuzzy system with symmetric 
triangular-shaped input membership functions and crisp 
outputs using gradient-descent error minimization [17] [18] 
[19]; 7) gradient-descent with exponential MFs [20]; and 8) 
gradient-descent with symmetric and non-symmetric LHS MFs 
varying connectives and RHS forms [21] [23]. 

Several papers proposed different FPGA architectures for 
Fuzzy Neural Networks (FNN) implementations, but none 
paper using neural network driven fuzzy reasoning with Takagi 
– Hayashi (T-H) method, some papers described in literature 
with similar intent are: 1) a type-2 self-organizing neural fuzzy 
system and its FPGA implementation [10]; 2) an experimental 
study on nonlinear function computation for neural/fuzzy 
hardware design [11]; 3) a hardware/software implementation 
of an adaptive neuro-fuzzy system [12]; 4) speedup of 
implementing fuzzy neural networks with high-dimensional 
inputs through parallel processing on graphic processing units 
[15]; 5) other applications only with fuzzy system like an 
FPGA-based online detection of multiple combined faults in 
induction motors through information entropy and fuzzy 
inference [13]; 6) a hardware implementation of an adaptive 
network-based fuzzy controller for dc–dc converter [22]; and 
7) a fuzzy inference chip that allows for real-time online 
context switching [14]. 

This work presents a hardware approach for 
implementation of fuzzy neural network modular architecture 
for embedded systems. The project is based on a Takagi – 
Hayashi (T-H) method for the construction and tuning of fuzzy 
rules, this is commonly called neural network driven fuzzy 
reasoning. This method allows the construction of rules and 
membership functions through many different backpropagation 
training methods. The DSPBuilder® software along the 
Simulink® is used to connect, set and synthesize the desired 
Fuzzy Neural Network. 
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The article is divided as follows: section two discusses the 
Fuzzy Neural Network (FNN) based on T-H method; section 
three deals with the FNN hardware project; section four shows 
details of FPGA structures for FNN implementation; section 
five discusses the method to set different FNN topology in this 
hardware architecture; section six shows the FPGA area 
analysis; section seven presents experimental results and 
discussions about the project and finally, section seven contains 
conclusions and future projects involving the issue under study. 

II. FUZZY NEURAL NETWORK 
The fuzzy systems based on parametric equations consist of 

a set of membership functions set by equations, instead of rules 
and a set of consequences being also defined by parametric 
equations. Both equations depend on the input values of the 
system. The complexity of the fuzzy systems based on 
parametric equations is in its own definition of free variables of 
these parametric equations, which can increase significantly 
depending on the amount of membership functions and 
consequences of the system [5]  [7]. 

The Fuzzy Neural Network – FNN, in Takagi-Hayashi 
method, has aimed to set numerous parametrical membership 
functions and consequents from the Multilayer Perceptron 
(MLP) Neural Networks learning (backpropagation) with fuzzy 
parametric controller systems. This feature simplifies the 
complexity of the increase of parametric fuzzy systems when 
they have many equations to be set therefore the 
backpropagation training is used to define these parametric 
equations. 

III. STRUCTURE OF FUZZY NEURAL NETWORK - FNN 
HARDWARE 

In a Fuzzy Neural Network - FNN of Takagi Hayashi 
method (T-H) there are two types of neural network Multilayer 
Perceptron - MLP: the first is a neural structure for the 
arrangement of the FNN membership functions, a network with 
one hidden layer with tangent sigmoid activation function in 
neurons and the output layer with tangent sigmoid activation 
function, we call this structure "SIG MLP" in this paper, the 
second is a neural structure to determine the consequent 
parameters of an FNN, which consists of a neural network with 
one hidden layer with tangent sigmoid activation function in 
neurons and the output layer with purelin activation function, 
we call this structure "LINEAR MLP" in this paper [5] [7]. 
Both structures process data in sixteen-bit fixed point 
representation. 

 

Figure 1.  FNN T-H hardware architecture. 

Figure 1 shows an FNN T-H with two inputs and two 
outputs. This requires one SIG MLP structure for the 
arrangement of membership functions and two LINEAR MLP 
structures to determine the consequents of clusterized data. For 
the arrangement of the membership functions, it is necessary a 
collection of multipliers neurons, represented by the symbol 
"π". They are used to make the weighting between membership 
functions and the consequents. 

IV. FPGA IMPLEMENTATION OF FNN T-H STRUCTURES 

A. Single Neuron Implementation 
The neuron proposed by McCulloch and Pitts was used as a 

reference, and the neuron architecture proposed in this study 
followed the implementation model created in VHDL by [1], as 
described in Register Transfer Level Design (RTL Design) 
shown in Figure 2. The neuron was divided into two functional 
blocks. The first is a linear combiner, responsible for summing 
weighted synaptic inputs and the second is responsible for 
calculating the activation function, denoted blocks NET and 
FNET respectively. 

The proposed VHDL Neuron processes numerical data only 
in fixed point arithmetic, determining the amount of bits for 
representativeness of the number that is 16 bits with signal.  
The 16 bits fixed point representation provides an error of 
“0,448 x 10-6” for this system. This error value doesn’t affect 
perceptibly the simulations in the section VII. 

 

Figure 2.  Basic Neuron described in Register Transfer Level  

Implementation of the sigmoid or sigmoid tangent 
activation function in FPGA is achieved by using a lookup 
table, whose structure is composed by a comparator block and 
two parallel ROMs with 16 x 21 bits of data. The reason for 
choosing a lookup table to simulate the sigmoid tangent 
function is related to the cost and difficulty of implementing it 
in FPGA in any other way. Since this is a discretization, an 
error in the values obtained as a response can be clearly seen. 
To compensate them and consider them in the program 
developed, the activation function applied would not be a 
mathematical function, but rather a table with 21 points, in 
which values are previously defined [8].  

To determine these values, the solution adopted represents 
the function by means of a set of linearly interpolated points, so 
that the difference between the function curve and the 
interpolated points curve is minimal. Thus, a computational 
intelligence technique known as a genetic algorithm was used 
where each individual represents a set of different points from 
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the interpolator, thereby minimizing the mean square error. 
After the execution of the genetic algorithm, 21 points from the 
table are obtained. 

B. SIG MLP Implementation 
For the development of FNN hardware, SIG MLP structure, 

artificial neurons described in VHDL were used and follow the 
model proposed in [1]. An output controller block was used to 
control the data flow and maintain the system parallelism and 
synchronism, in order to indicate when the SIG MLP structure 
processed the input data given. In FNN, the SIG MLP network 
is responsible for the arrangement of the membership 
functions. Below, Figure 3 shows the structure of the SIG 
MLP. 

 
Figure 3.  SIG MLP hardware structure. 

C. MLP PURE Implementation 
The LINEAR MLP structure uses artificial neurons 

described in VHDL and follows the model proposed by the 
SIG MLP structure, but without the use of activation function 
in the output layer in order to save silicon area on the FPGA 
and considering that LINEAR MLP structure uses the linear 
pure activation function in output layer. An output controller 
block was used to control the data flow and maintain the 
system parallelism and synchronism, in order to indicate when 
the LINEAR MLP structure processed the input data given. 
Next, Figure 4 shows the structure of the LINEAR MLP. 

The logical operator “AND” was used in multiplier nodes 
structure (π in Figure 1). The calc made by π operator is 
performed by a T-NORM [5]. A tasks flag block was used to 
control the data flow and maintain the system parallelism and 
synchronism. 

A small state machine is used to control the processing of 
data and keep the synchronization among the blocks that 
performs a new set of input data with only three states to 
complete a processing cycle and a starting state runs only when 

starting the system. After the initialization state, the first cycle 
state sets up the inputs, in the second state the simultaneous 
processes occur among SIG MLP and LINEAR MLP 
networks. In the third state, the multipliers synchronize 
operations to be transferred to the outputs. The initialization 
state defines the initial set up of all components of the 
architecture. 

 
Figure 4.  LINEAR MLP hardware structure. 

V. SET DIFERENT FNN TOPOLOGY IN THIS HARDWARE 
ARCHITECTURE 

The DSP Builder® allows the setting of a desired topology 
of FNN. The SIG MLP, LINEAR MLP and multiplier nodes 
structures were previously described in VHDL and tested 
individually. In DSP Builder®, you can define a particular 
configuration of hardware through flowchart diagrams of the 
Toolbox Simulink®, Matlab®, and it allows the synthesizing 
in FPGA. These functional blocks can be developed in VHDL 
components or even common components to Simulink®. 

Using Simulink®, the architecture of FNN will be created 
with the insertion and interconnection of those functional 
blocks: LINEAR MLP; SIG MLP; multiplier blocks and output 
adders. The amount of components depends on the desired 
FNN architecture. The connections between the blocks in each 
structure are made by connecting the various blocks via the 
flowchart diagram in Simulink®. Different architectures of 
LINEAR MLP or SIG MLP can be created in DSPBuilder® 
with different amount of rules and, consequently, amount of 
neurons. 

Figure 5 denotes the assembly and the interconnection of 
functional blocks and SIG MLP and LINEAR MLP described 
in VHDL using Simulink® diagrams. The controller is not 
being visualized in the figure, because the image would look 
with excess connections, making viewing difficult. Note that 
we used single input registers and four output connections to 
replicate the output of the SIG MLP structure.
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Figure 5.  FNN T-H connections on DSPBuilder diagram. 

In Figure 5, the FNN architecture is shown with two inputs 
and one output. To perform this architecture, it is necessary to 
use three LINEAR MLP blocks and one SIG MLP block along 
with three sets of π multiplier nodes blocks connected to the 
outputs of MLP blocks, and one adder block in the output of π 
block. The red block is the first input register and the orange 
block is the second input register. 

VI. FPGA AREA AND CYCLE ANALISYS IN THE PROPOSED 
ARCHITECTURE  

In this architecture, the number of logic elements used 
varies according to the topology of the desired FNN. The 
neurons number in FNN defines the amount of functional 
blocks that must be inserted. The reduced amount of FPGA 
area used in embedded systems is important to obtain energy- 
efficient chips and inexpensive devices. The number of logic 
elements used in two FNN- T-H networks was analyzed by 
using the software Altera's Quartus ® II which is shown in 
Table I below. 

As observed in the controller of the proposed system, few 
cycles occur (execution of each layer) to generate the results of 
one process of a specific FNN T-H architecture. These cycles 
are used to enable the inputs, processing the MLP networks, 
synchronize MLP outputs data and calculate the last operations 
(t-norm and addition) to obtain the resulting control signal. The 
cycle analysis and maximum frequency reached by the 
proposed system was analyzed by using the software Altera's 
Quartus® II. Table II describes the number of cycles and 

maximum frequency related to the size of FNN T-H network 
topology used.  

TABLE I.  FPGA AREA ANALISYS 

Functional Block 
Device EP2C35F672C6 (Cyclone II) 

Logical Elements / FPGA Area (Total use) 

Linear Neurons  355 / 33216 (<1%) 

Sigmoidal Neurons  560 / 33216 (<2%) 

π Block 69 / 33216 (<1%) 

Network 1 (problem 1) 25935/ 33216 (78.02 %) 

Network 2 (problem 2)  10035 / 33216 (30,21%) 

 

TABLE II.  CYCLE ANALYSIS 

Situation 
Tested FNN T-H Networks 

Network 1 Network 2 

MLP type 1 SIG 
MLP 

3 Linear 
MLP 

1 SIG 
MLP 

2 Linear 
MLP 

FNN T-H topology 
input/hidden1/output 4 /10 /3 4 / 7 / 1 1 / 5 / 2 1 / 5 / 1 

Number of Cycles / Maximum 
frequency of the network input 
/ Mean number of blocks used. 

Proposed architecture. 

4 Cycles / 
15,81 MHz / 

25935 

4 Cycles / 
15,81 MHz / 

10035 

 



VII. EXPERIMENTAL RESULTS 
The FNN T-H architecture proposed was tested in a real 

industrial problem, a control of two-tanks system in a 

simulation case. The simulation problem confirms the 
capability of the proposed system to be used in a real 
embedded system case. The system model is shown in Figure 
6. 

 

Figure 6.  System Diagram on Simulink. 

The T-H method also implements methods for reducing 
the neural network inputs to a small set of significant inputs 
and checking them for overfitting during training [7]. The four 
steps to train the FNN T-H network are: 

Step 1:  The training data x is clustered into r groups: R1, 
R2,..., Rs{s=1,2,...,r} with nts terms in each group.  Note that 
the number of inferencing rules will be equal to r. 

Step 2:  The NNmem neural network is trained with the 
targets values selected as: 

      (1) 

The outputs of NNmem for an input xi are labeled wis, and are 
the membership values of xi to each antecedent set Rs. 

Step 3: The NNs networks are trained to identify the 
consequent part of the rules.  The inputs are {xi1s,...xims}, 
and the outputs are yi=1,2,...,nt. 

Step 4:  The final output value y is calculated with a weighted 
sum of the NNs outputs.: 

                 (2) 

where us(xi) is the calculated output of NNs.  

The train target used in all layers during the training was 
extracted from a Fuzzy controller developed by [9]. The two 
inputs visualized in FNN T-H block in Figure 6 corresponding 
to the setpoint error and the derivative setpoint error. The Self-
Organizing Map was used to obtain the clustered data for 
training all networks (SIG MLP and LINEAR MLP). This 
clusterization is necessary in T-H training method described in 
Step 1. The data was clustered in three groups, thus, three 
LINEAR MLP networks were necessary. Each LINEAR MLP 
networks were trained with one group of clustered data. In the 
three groups clustered of 24.000 data, the first group obtains 

50,23% of data, the second group has 41,61% and the third 
group has 8,16% of data. 

The topology of FNN T-H used to control the two-tanks 
system is: three LINEAR MLP networks with 7 neurons on 
hidden layer and one neuron in output layer; one SIG MLP 
with 10 neurons on hidden layer and three neurons in output 
layer. Some authors suggest using one SIG MLP to create the 
membership functions of each input [5]. 

The simulation results of two-tanks system control are 
shown in Figure 7. The intent of the controller used as a model 
to train the FNN T-H network is to obtain a soft 
approximation of the setpoint searched. The aim to embed an 
FNN T-H on a chip to use in a real industrial problem was 
reached in simulation tests. The next step is to try the system 
in a real two-tank problem. 

 

Figure 7.  Results of two-tanks system control. 

Other test with the FNN T-H hardware architecture 
proposed is the interpolation problem of the Sinc function. 
The topology of FNN T-H used to interpolation of Sinc 
function is: two LINEAR MLP networks with 5 neurons on 
the hidden layer and one neuron in the output layer; one SIG 
MLP with 5 neurons on the hidden layer and two neurons in 
the output layer. The results comparison is shown in Figure 8. 



The result denotes a minimal difference between the original 
function and the network interpolation. 

 

Figure 8.  Results of Sinc fuction interpolation. 

VIII. CONCLUSIONS 
The paper proposes an FPGA based modular architecture of 

Fuzzy Neural Networks in Takagi Hayashi method (FNN T-H) 
for embedding, the architecture was implemented successfully. 
With this proposed system is possible to embed the FNN T-H 
method in a chip to solve many problems with simple topology 
configuration. In one of the secondary objectives, we were able 
to ease the modularization of the architecture to be used in 
different FNN T-H topologies from the block diagram. The 
DSPBuilder® was effective in providing an environment to 
configure the network and facilitate the synthesis of the project 
to be embedded.  

The hardware architecture proposed allows FNN T-H on 
FPGA devices to be embedded and be used for applications in 
the control area, prediction problems, interpolation and other 
problems. The two-tank system control validated the 
implementation and showed reliable results. The MLP 
networks provide a soft computation to generate the parametric 
equations of membership functions and consequents equations.  

The training method proved to be efficient, including the 
Self-Organizing Map (SOM) for data clustering and 
Levenberg-Marquardt backrpopagation to train all MLP 
networks (SIG MLP and LINEAR MLP).  

In a second step, the proposed architecture will be used to 
develop a system with online training to embed control 
problems using FNN T-H. The main intention is to update the 
weights if the system has a complex dynamic that changes over 
time. 
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